To determine whether a disruption of binocular vision that has been previously shown to be amblyogenic disturbs visually guided growth, and in particular to follow-up the observation by Kiorpes and Wallman [Kiorpes, L., & Wallman, J. (1995) . Does experimentally-induced amblyopia cause hyperopia in monkeys? Vision Research, 35(9), 1289-1297] that monkeys in whom strabismus had been induced some years earlier were hyperopic in eyes that had become amblyopic, we induced unilateral fixation in five infant New World monkeys (marmosets) through the wearing of a Fresnel prism (of 15 or 30 prism dioptres power) in front of one eye for four weeks. The prism was rotated every three hours during the prism-wear period to encourage a preference for fixating with the contralateral eye. Refractive error and intraocular axial dimensions were measured before, and at intervals after the prism-wearing period. Fixation preference was measured behaviourally, during and after the prism-wear period. Cortical visual function was subsequently assessed through recording of pattern-reversal VEPs in each marmoset between 11 and 14 months of age to assess whether amblyopia had developed in the non-fixing eye. All marmosets used the untreated eye almost exclusively for a monocular visual task by the end of the prism-rearing period. This preference was still present up to at least 7 months after prism-wear had ceased. VEP measures showed a loss of sensitivity at low spatial frequencies (the only ones we were able to test), compatible with amblyopia having developed in the non-fixating eyes of the prism-reared marmosets. Eyes that wore prisms were not significantly different from their fellow eyes in mean refractive error or mean vitreous chamber depth (repeated measures ANOVA; P > 0.05) before or at any time after prism-wear had ceased. Two marmosets developed 2-3 D of anisometropia (one hyperopic and one myopic) at the end of prism-wear, that was attributable to interocular differences in vitreous chamber depth, and which decreased towards isometropia in the period following prism-wear removal. Disruption of binocular vision with rotating prisms can influence emmetropization and ocular growth, although it does not appear to do so in a consistent way.
Introduction
Evidence has been accumulating that the development or maintenance of emmetropia during infant eye growth is a visually guided process in both humans and animals (Crewther, 2000; Edwards, 1996; Norton & Siegwart, 1995; Wallman, 1993; Wildsoet, 1997) . It is clear from animal models that growth and refractive status of the infant eye can be altered in response to changes in optical demand early in life (Graham & Judge, 1999b; Hung, Crawford, & Smith, 1995; Irving, Sivak, & Callender, 1992; Schaeffel, Glasser, & Howland, 1988; Shaikh, Siegwart, & Norton, 1999; Smith & Hung, 1999; Wildsoet & Wallman, 1995) . Eyes that wear positive lenses develop shorter axial lengths than usual and (more) hyperopic refractions, while eyes that wear negative lenses develop longer axial lengths and (more) myopic refractions compared to untreated eyes (Irving, Callender, & Sivak, 1991; Schaeffel et al., 1988; Smith & Hung, 1999; Whatham & Judge, 2001a; Wildsoet . There is evidence for such a selective and differential effect of altered optical demand in the chick (Irving et al., 1992; Schaeffel et al., 1988; Wildsoet & Wallman, 1995) , Old World monkey (macaque) (Hung et al., 1995; Smith & Hung, 1999) and New World monkey (marmoset) (Whatham & Judge, 2001a) , and to some extent in the tree shrew (Siegwart & Norton, 1993) .
There is evidence (largely from studies in the chick) that visually guided growth is under retinal control (Bitzer & Schaeffel, 2002; Wildsoet & Wallman, 1995) . Yet disruption of compensation for imposed optical defocus by optic nerve section has been reported, suggesting an influence of post-retinal visual pathways on ocular growth (Wildsoet & Wallman, 1995) . In particular, evidence for a post-retinal influence on ocular growth and refraction has also come from observations on adult macaque monkeys in whom the amblyopigenic conditions of strabismus or anisometropia had been imposed early in life (Kiorpes & Wallman, 1995) . Many years later these monkeys were found to have developed hyperopic refractions associated with the presence of amblyopia (Kiorpes & Wallman, 1995) . The potential involvement of amblyopia in eye growth and refraction is interesting as both strabismic and anisometropic amblyopia are believed, from both human and animal studies, to be primarily, if not exclusively, cortical in origin (Barnes, Hess, & Dumoulin, 2001; Crewther & Crewther, 1990; Gillard-Crewther & Crewther, 1988; Hess, Baker, & Verhoeve, 1985; Imamura, Richter, & Fischer, 1997; Kiorpes, Kiper, & O'Keefe, 1998; Sharma, Levi, & Klein, 2000; Yin, Li, & Pei, 1994 ). An association between the presence of amblyopia and the development or maintenance of hyperopia had also been noted in older longitudinal observational studies in children (Abrahamsson, Fabian, & Sjostrand, 1992; Lepard, 1975; Nastri, Perugini, & Savastano, 1984) . These studies suggested either a development or increase in hyperopic refractive state, or at least preservation of infantile hyperopia, in the amblyopic eye. The presence of strabismus in human infants has also been reported to inhibit emmetropization (Ingram, Gill, & Lambert, 2003) .
It is possible that the association between amblyopia and eye growth may, in fact, reflect an association between one of the factors predisposing towards amblyopia and eye growth. In the case of strabismus, it may be the ocular misalignment per se that disrupts ocular growth rather than the amblyopia that develops as a result of the unilateral ocular deviation. For example, because a strabismic eye does not maintain fixation on the object of interest, its fovea may be pointing towards some other visual stimulus at a plane that is not conjugate with the retina, resulting in defocus. If such stimuli are predominantly located further than the object of interest, which may frequently occur for small hand-held objects in particular, then the fovea of the deviated eye would receive myopic defocus which could act as a stimulus for a hyperopic shift through an active emmetropization process. Thus the hyperopic shift associated with strabismic amblyopia might be a compensatory response to myopic defocus secondary to the deviation of a strabismic eye.
The aim of the current study was to follow up the observations of Kiorpes and Wallman described above by investigating whether a disruption of binocular viewing, that in the long run is likely to cause amblyopia, induces hyperopia in the non-fixating eye. To do this, we fitted infant New World monkeys (marmosets) with a prism in front of one eye for one month early in life, with the intention of preventing binocular fusion and creating an initial diplopia-thus optically simulating strabismus. Studies from macaque monkeys indicate that this form of treatment rapidly reduces the population of binocularly excitable cells in primary visual cortex as well as producing marked deficiencies in stereoacuity (Crawford, Harwerth, Smith, & von Noorden, 1996; Crawford, Smith, Harwerth, & von Noorden, 1984; Crawford, von Noorden, & Meharg, 1983) . Reductions in stereoacuity as well as binocular summation are commonly reported in human strabismic and amblyopic populations (Cooper & Feldman, 1978; Giuseppe & Andrea, 1983; Harwerth & Levi, 1983; Henson & Williams, 1980; Levi, Harwerth, & Smith, 1980; O'Keefe, Abdulla, Bowell, & Lanigan, 1996) . To induce amblyopia in macaque monkeys, it is not sufficient to fit a prism with a fixed orientation (Crawford, 1996; Crawford & von Noorden, 1979; Crawford, Harwerth, Chino, & Smith, 1996; Crawford, Pesch, & von Noorden, 1996; Crawford et al., , 1984 Harwerth, Smith, & Boltz, 1983; Smith, Chino, & Ni, 1997) , and we therefore rotated the prism regularly in front of one eye in order to encourage fixation with the contralateral eye-as fixating with the prism-rotated eye would require frequent oculomotor adaptation after each prism rotation, whereas fixation with the contralateral eye would not. The method of frequent unilateral prism rotation has previously been used successfully to produce unilateral fixation and amblyopia in cats (Mower, Burchfiel, & Duffy, 1982) .
Methods

Subjects
Five infant marmosets (Callithrix jacchus) were fitted unilaterally with a 'Fresnel' ophthalmic prism at 4 weeks of age. All marmosets were reared with their natural family groups. All experimental procedures were conducted in accordance with the ARVO statement for the Use of Animals in Ophthalmic and Vision Research and were licensed under the UK Animals (Scientific Procedures) Act of 1986.
Prism-wear
Fresnel prisms were fitted to a monocle system attached to a skull pedestal, fitted to the infant marmosets under anaesthesia. The procedure for implantation and removal of skull pedestals has been described in detail in a previous publication (Graham & Judge, 1999b) . Each infant marmoset was fitted with a skull pedestal at 4 weeks of age. Prisms were worn for 28 days until 8 weeks of age, at which time both prism-wear was discontinued and the pedestal supporting the prism was removed under anaesthesia. Each marmoset was monitored after prism-wear had ceased until 273 days (39 weeks) of age. Three animals wore a 15 PD prism and two a 30 PD prism. The fellow eyes were untreated. Every three hours during the 12 h daylight period the monocle containing a prism of one of three orientation 90 deg apart (base up, base down and base in) was removed and a monocle containing a prism of a different orientation was fitted, the sequence being the regular one of base down, up, in, down, etc. The prisms were left ON overnight when the cage room was completely dark, and replaced with the next prism in the sequence immediately the lights were switched ON. The prisms were lightly cleaned with alcohol during the changeover period to prevent accumulation of dust or debris.
Measurement of ocular alignment
The photographic technique used in humans by Brodie (1985) and in macaques by Quick and Boothe (1989) was used to measure the relative alignment of the visual axes of the eyes. The marmosets were photographed on 35 mm slide film looking towards a single lens reflex camera (Pentax P30) equipped with a ring flash (Cobra Macroflash) at a distance of 45-50 cm. A millimetric ruler was placed in the corneal plane to provide a scale. Measurements of the position of the corneal reflection in a series of four images of both eyes simultaneously were then made by projecting the 35 mm slides onto a screen at approximately 6.5· magnification. The positions were converted to degrees using a Hirschberg ratio calculated using the method of Quick and Boothe (1989) and assuming a horizontal corneal diameter of 6.10 mm (Troilo, Howland, & Judge, 1993) .
Fixation assessment
In order to evaluate the efficacy of the prism-wearing manipulation as a means of controlling fixation, a behavioural test, similar to that used by Hook-Costigan and Rogers (1995) , was used to determine the preferred viewing eye during and after prism-wear. A small wooden box was built ( Fig. 1) -dimensions: 14 cm high · 27 cm wide · 20 cm deep, with a translucent window in the centre of the front panel. In the centre (laterally) and 8 cm from the bottom of this door was a 5 mm hole (just smaller than the diameter of the cornea). Marmosets were neither cyclopleged nor corrected for refractive errors during this test.
At each measure of fixation preference, each marmoset was placed, in turn, in the box on a bench in a well-lit room with other marmosets to view. Prisms were removed during fixation preference measurement. An observer was positioned 0.67 m directly in front of the box to observe the viewing behaviour of the marmoset being tested. From this distance it was easy to determine which eye the marmoset used to view through the hole (see Fig. 1 ). Each time the marmoset viewed through the hole the eye used was recorded as one fixation for that eye. The time looking out the hole typically lasted a few seconds after which the marmosets would look at something in the box before looking out through the hole again. The next occasion the marmoset viewed through the hole was counted as the next fixation. Long (up to 10 s) and short ($1 s) were each scored as one fixation. The marmoset remained in the box until he/she had looked through the hole on a total of 30 occasions. This period was always less than 30 min and typically 10-15 min.
Fixation preference was assessed statistically, using the principle that the binomial distribution of proportion of responses in which the right eye was used to fixate can be approximated by a normal distribution (Armitage & Berry, 1994) with
where z = z score N total number of trials M N /2 R number of trials in which the outcome was that the right eye was viewing r probability of obtaining a fixation by the right eye in an individual trial l probability of obtaining a fixation by the left eye in an individual trial
The fixation preference of a control group of seven normal marmosets was measured and used as a reference for the experimental prism-reared group.
Optometric measurements
Optometric measurements were made before the onset of prism-wear (4 weeks of age), at the end of the prism-wear period (8 weeks of age) and at four time points after prism-wear had ceased-10, 15, 24 and 39 weeks of age. At each of these age points, anterior segment depth (corneal thickness + anterior chamber depth), crystalline lens thickness, vitreous chamber depth, refractive error and corneal power were measured.
Axial ocular dimensions were measured by A-Scan ultrasonography (Ophthasonic A-Scan III Mentor, USA) with a 7.7 MHz probe. Four axial ultrasound scans, from separate placements of the probe on the eye, were recorded and averaged to obtain a single measurement for each eye of each marmoset.
Refractive error was measured through cycloplegic retinoscopy, performed 30-45 min after topical administration of 1% cyclopentolate hydrochloride (Chauvin Pharmaceuticals, Ltd., UK). Retinoscopy measurements were not corrected for an artefact of retinoscopy. Measurement of refractive status for a single eye at a single time point for each marmoset were obtained by neutralising the retinoscopy reflex twice in the vertical meridian and twice in the horizontal meridian and taking the mean of these four values; as reported in previously published work from our laboratory (Graham & Judge, 1999a , 1999b Whatham & Judge, 2001a; Whatham & Judge, 2001b) .
Corneal power was measured in two marmosets using a Bausch and Lomb keratometer, fitted with a +7 D lens on the objective lens of the instrument to enable measurement of the marmoset corneas. This system was calibrated through measurement of four metal ball-bearings of known size. In the three remaining marmosets corneal power was calculated according to the change in ocular refractive power produced following insertion of a rigid contact lens of known base curve and power. The change in corneal power was measured by retinoscopy with and without the contact lens in place. The formulae used to calculate corneal power have been described elsewhere (Whatham & Judge, 2001b ).
Visual-evoked-potential measurements
Monocular pattern-reversal visual evoked potentials (VEPs) were recorded from all five marmosets at 11-14 months of age (well after the end of the prism-rearing period). Checkerboard stimuli, reversing contrast at 5 Hz and of spatial frequency 1 or 2 cpd and contrast (3-85%), were presented to each eye of the marmosets to determine whether amblyopia developed as a result of the prism-wearing paradigm. All spatial frequencies mentioned in the current study are fundamental frequencies, calculated using the diagonal dimensions of the checks. The stimuli were presented on a Sony CPD 1791 monitor (Dan Technology, London) at 31 cm distance from the marmosets' eyes, so that the screen dimensions subtended 56 · 41 (H · V) degrees. Average screen luminance was 29 cd m À2 . All marmosets were awake and fully alert during all VEP measurements. An opaque soft contact lens (Ultravision, UK) was inserted alternately into the contralateal eye of each marmoset, prior to VEP recording, to enable monocular measures to be made. Two conventional silver chloride surface electrodes were attached to the scalp of the marmosets using Collodion adhesive (SLE Diagnostics) and removed after recording with the aid of a cotton bud dipped in acetone. The recording and reference electrodes were positioned over the occipital pole (visual cortex) and frontal lobe, respectively, 3 cm apart on the midline. The marmosets were held by an experimenter at a distance of 31 cm ($3 D) from the monitor screen. Another experimenter controlled the stimulus presentation and VEP recording apparatus from a separate workstation. Room illumination was so that the marmosets would look at the screen for 64 consecutive stimulus presentations ($30 s).
Marmosets were not cyclopleged, nor were artificial pupils used. Neither eye of any of the five marmosets was myopic (not accounting for an artefact of retinoscopy) at the most recent refraction measurement, as measured by cycloplegic retinoscopy. When the artefact of retinoscopy was taken into account, no eye of any marmoset was more myopic than the distance to the screen (3 D). Therefore no correcting lenses were positioned between the marmosets and the stimulus screen as the small hyperopic refractive error (+1 to +2 D) could easily be overcome by their large amplitude of accommodation (Troilo et al., 1993 ). Nevertheless we investigated the possibility that any reduction in signal amplitude in the supposedly amblyopic eye might be partially or completely due to defocus resulting from under-accommodation to the stimulus screen. Pattern reversal VEPs to a 1 cpd checkerboard were recorded from one marmoset, Daedalus, while viewing the screen through a range of full aperture trial lenses of positive power from 0 to +6.00 D. The entire stimulus field (31 cm from the marmosets) was visible through the ophthalmic lenses which were positioned approximately 10 mm in front of the corneal plane.
The signal was amplified, filtered with a low pass 30 Hz filter, digitised, and a 125 ms epoch after stimulus presentation averaged on a PC using LabView software. The average amplitude of the mean VEP response to 64 stimulus presentations was measured for each stimulus condition. Response amplitude was calculated as the difference between the maximum difference in the signal between 60 and 125 ms and the initial value.
Results
Behavioural response to prism-wear
All marmosets fitted with prisms, whether 15 PD or 30 PD in power, demonstrated a behavioural reaction to the alteration in visual experience at the onset of prismwear. As soon as the prisms were put in front of one eye, the marmosets immediately became more hesitant in their movements and would not grasp objects that they had grasped before the prisms were fitted. They also showed much greater hesitancy in a simple jumping task that they easily performed immediately before prism application. These observations suggest a profound disturbance of normal visual function and are consistent with diplopic visual experience on behalf of the marmosets. However the marmosets appeared to adapt quickly to the diplopia, presumably by suppressing the image from the prism-wearing eye.
After two weeks of rotating prism-wear (at 6 weeks of age) all marmosets immediately reached for and grasped a small bar placed within arms reach directly in front of them, with the bar oriented perpendicularly with respect to the direction of maximum displacement produced by the prism. Additionally, after two weeks of prism-wear each marmoset reached for and grasped the bar without hesitation immediately after the prism had been rotated either by 90 or 180 deg, indicating that the infants were responding to the visual information received by the non-prism-wearing eye and suppressing the visual information received by the prism-wearing eye. Subsequent behavioural tests for the remaining two weeks of the prism-wear period (seven and 8 weeks of age) were consistent with the behaviour observed at 6 weeks of age in all marmosets.
Fixation preference
The individual fixation preference results for the five prism-reared marmosets during and following the period of prism-wear are shown in Fig. 2 (large symbols connected by lines), together with the fixation preferences of the right eyes of four normal animals measured in the same period of life (small symbols, unconnected). In two of those normal animals (indicated by open and filled circles) repeated measurements of fixation preference were made. The first measures of fixation preference in the prism-reared animals were made at 42 days of age (2 weeks of prism-wear). In all animals there was a marked effect of prism-wear on fixation Fig. 2 . Individual fixation preference measures for both eyes of all five prism-reared marmosets throughout the measurement period. Filled symbols connected by lines represent measures from the prism-treated eye and hollow symbols connected by lines represent measures from the fellow untreated eyes. The same symbol shape refers to measures from the prism and control eyes of the same marmoset. The prisms were worn from the age of 28-56 days. Small unconnected symbols represent fixation preference in right eyes of four normal animals, measured repeatedly in two animals. There was a significant effect of prism-wear on fixation preference in all prism-reared marmosets (control eye used for fixation) that was present after 2 weeks of prism-wear and showed no sign of abating up to the final test point at about 300 days of age.
preference. From two weeks of age there was a significant preference for all marmosets to view out of the fixation box with the eye that had not worn the prism (control eye). This preference was maintained up to 273 days of age. As can be seen there is no overlap between the fixation preferences (at any given age) of prism-reared and normal animals.
Optometric measures
Measures of refractive error and vitreous chamber depth in the experimental and control eyes before and after the period of prism-wear are shown in Fig. 3a and b . At the onset of prism-wear there was no significant difference between the two eyes of the five marmosets in either refractive error (paired t-test: P = 0.62) or mean vitreous chamber depth (paired t-test: P = 0.93). There was no significant interocular difference in either refractive error or vitreous chamber depth from the onset of prism-wear until 273 days of age (repeated measures ANOVA on all orders, univariate results by EYE: refractive error P > 0.05, vitreous chamber depth P > 0.05; AGE by EYE: refractive error P > 0.05; vitreous chamber depth P > 0.05).
Although there was no significant mean interocular difference in refractive error and vitreous chamber depth over the course of the measurement period, there was considerable variation in both of these measures between individual animals. The data for individual marmosets are shown in Fig. 4 for (a) refraction in each eye, (b) interocular difference in refractive error and (c) interocular difference in vitreous chamber depth. The same symbols in each graph denote data from the same marmoset. There was little inter-individual variation in refractive error and vitreous chamber depth at the onset of prism-wear, but there was considerable variation at the end of prism-wear. One marmoset (Hector, 30 PD) became relatively hyperopic in the prism-reared eye due to a decrease in vitreous chamber growth (filled triangles in (a) and (b)) and one marmoset (Yarrow, 15 PD) became more myopic than the untreated eye due to increased growth of the vitreous chamber (open triangles in (a) and (b)). In Hector, at the end of the prismwear period (8 weeks of age) the eye that had worn the prism was +2.38 D more hyperopic and had a 0.19 mm shorter vitreous chamber compared to the fellow untreated eye. In Yarrow, the eye that had worn the prism was À2.13 D more myopic and 0.25 mm greater in vitreous chamber depth than the control eye. These interocular differences had largely disappeared at 273 days of age. There was little interocular difference in refractive error and vitreous chamber depth for the remaining three marmosets throughout the measurement period.
There appeared to be a difference in response between the three marmosets that wore 15 PD prisms (open symbols in Fig. 4 ) compared to the two marmosets that wore the 30 PD prisms (filled symbols in Fig. 4) . The mean interocular difference in refraction for the three marmosets that wore the 15 PD prisms at the end of the prism-wear period was À1.38D in refractive error and +0.08 mm in vitreous chamber depth and for the two marmosets that wore 30 PD prisms was +1.14 D in refractive error and À0.10 mm in vitreous chamber depth. These interocular differences decreased after the end of the prism-wear period out to 273 days of age.
The mean anterior segment depth (corneal thickness + anterior chamber depth) and crystalline lens thickness during this period for all five marmosets is shown in Fig. 3c and d, respectively . At the onset of prism-wear there was a small but statistically significant difference in both anterior segment depth and crystalline lens thickness. The anterior segment depth of the experimental eyes was 0.03 mm deeper than the anterior segment depth of the control eyes (paired t-test P < 0.05: experimental eyes mean 1.26 ± 0.009 mm (SE), control eyes mean 1.23 ± 0.014 mm (SE)). However at the end of the prism-wear period there was no longer any significant difference between the two eyes (paired t-test P = 1.00), nor was there any significant difference between the two eyes from the end of the prism-wear period up to 273 days of age (repeated measures ANOVA from 56 to 273 days of age: univariate results on EYE, P > 0.05; AGE by EYE, P > 0.05).
Prior to lens-wear the crystalline lenses of the control eyes were 0.04 mm thicker than the lenses of the experimental eyes (paired t-test P < 0.05: control eyes mean 2.17 ± 0.017 mm (SE), experimental eyes mean 2.13 ± 0.024 mm (SE)). This interocular difference was no longer significant at the end of the prism-wear period (paired t-test P = 0.07) or throughout the remainder of the measurement period up to 273 days of age (repeated measures ANOVA from ages 56 to 273 days of age: univariate results on EYE: P > 0.05; AGE by EYE P > 0.05).
VEP measures
Visual evoked potential measures were recorded at 11-14 months of age through each eye of all five marmosets to a range of checkerboard contrasts (3-85%) and are shown in Figs. 5 and 6 . The VEP response for each eye in each marmoset to checkerboard spatial frequencies (fundamental frequencies) of 1 and 2 cpd over the contrast range are shown in Fig. 5 for Galen in (a) 1 cpd and (b) 2 cpd, Hector in (c) 1 cpd and (d) 2 cpd, and Daedalus (e) 1 cpd for the prism eye only while viewing through different positively powered ophthalmic trial lenses, and in Fig. 6 for Daedalus in (a) 1 cpd and (a) 2 cpd, Yarrow in (c) 1 cpd and (d) 2 cpd, and Zander (e) 1 cpd and (f) 2 cpd.
There was no significant response in either the control or experimental eyes to stimulation by a 3% contrast checkerboard in any marmoset for both 1 and 2 cpd. In all graphs the VEP response in the control eye (open symbols) increased with increasing stimulus contrast, reaching a maximum of 0.02-0.05 mv in response to the 85% contrast stimulus. The VEP response in the experimental eye (filled symbols) also increased with increasing stimulus contrast for two marmosets (Figs. 5 and 6: Galen and Daedalus), although the maximum response was less than the response to stimulation of the control eye. The response from stimulation the experimental eyes in the remaining three marmosets (Figs. 5 and 6: Hector, Yarrow and Zander) were rarely above 0.01 mv and did not change appreciably with stimulus contrast. We interpret this as indicating that the evoked responses were too small to be seen in the noise associated with the limited number of stimulus presentations averages.
In all marmosets the VEPs recorded following stimulation of the experimental eyes were less than the VEPs recorded through stimulation of the control eyes at contrast levels greater than 27% for both 1 and 2 cpd. amplitude steadily declined for stronger positive powered lenses. This indicates that the interocular differences in VEP amplitude in Fig. 5 are not purely a function of under-accommodation in the prism-reared eye to the stimulus screen.
Discussion
Behavioural adaptation to prism-wear
The initial response of all marmosets to the wearing of dissociating ophthalmic prisms was consistent with them experiencing diplopia. This was demonstrated by their obvious hesitancy, lack of confidence and inaccuracy in jumping or reaching tasks on the first day of prism-wear. After two weeks of prism-wear the marmosets performed the jumping and reaching tasks quickly and with confidence, even immediately after the prism had been rotated at least 90 deg. This indicated that the marmosets had adapted to the diplopia, presumably by suppressing the visual information received through the prism-wearing eye. Rapid adaptation to constant diplopia by infant macaque monkeys reared wearing dissociating ophthalmic prisms has been reported by . 
Rotating prism-wear produces a change in viewing preference
After just two weeks of prism-wear all five marmosets showed a significant preference for the non-prism-wearing eye which was maintained throughout the period of prism-wear and subsequent to the prism-wear period up to 273 days of age. Unfortunately, it was not possible to measure fixation preference at the onset of prism-wear (4 weeks of age) to verify that there was no significant bias in fixation before prism-wear began, as at that age the marmosets did not spontaneously look out of the box more than once or twice in 30 min. The almost exclusive use of the untreated eye by the prism-reared marmosets to view through the hole of the fixation assessment box combined with the approximately equal viewing preference measures for the normal animals clearly indicate that the viewing preference measures of the prism-reared marmosets are the direct result of the prism-rearing paradigm.
Unilateral rotating-prism rearing reliably produces some features of amblyopia
The rotating prism-rearing paradigm produced the sensory experience of a unilateral non-concomitant strabismus in the marmosets during the period of prism-wear. The dissociating Fresnel prism over one eye would have produced the sensory experience of diplopia at the onset of prismwear and required suppression of vision from the prismwearing eye to eliminate perceptual confusion caused by the diplopia, similar to that which occurs in human strabismus. However this is not a true strabismus in the sense that the prism-wearing eye is not deviated from its position in the globe relative to the other eye, at least at the onset of prism-wear, as it is in naturally occurring or animal models of surgically induced strabismus. Throughout the rearing period there did not appear to be an obvious deviation of the prism-wearing eye in any of the five marmosets, checked when the prisms were removed for cleaning. However, after the period of prism-wear one marmoset (Yarrow) developed a large constant unilateral convergent strabismus of the left eye (left esotropia).
The VEPs recorded from the prism-wearing eyes were smaller in amplitude compared to those recorded through stimulation of the control eyes for 1 and 2 cpd stimuli greater than 27% in contrast (Fig. 5) . Although not a universal feature of amblyopia, losses in low spatial frequency sensitivity (around 1 and 2 cpd) has been frequently reported in eyes with strabismic amblyopia Hess & Howell, 1977; Kiorpes, Kiper, & Movshon, 1993) . Although losses in high spatial frequency contrast sensitivity in the absence of a loss of sensitivity to low spatial frequencies has been frequently reported, low spatial frequency loss is always accompanied by high spatial frequency loss. It was not possible to record VEP measures from marmosets at high spatial frequencies as they needed to be close to the stimulus screen (about 30 cm) in order for them to reliably fixate within the stimulus field during a recording in the awake state. Woo, Campbell, and Ing (1986) showed that Fresnel prisms aligned with the ridges parallel to a grating test stimulus (when the effects are greatest) reduced contrast sensitivity at 9.6 cyl/deg by one log unit with a 15 PD prism and about 1.8 log units with a 30 PD prism. While Woo et al. do not give figures for prisms in the orthogonal orientation, they do give contrast sensitivity ratios for the two orientations from which one may infer that with orthogonally oriented prisms contrast sensitivity at 9.6 cyl/deg is lowered by about 0.2 log units with a 15 PD prism and about 0.3 log units with a 30 PD prism. The high-frequency filtering of the prisms like the ones we used is therefore modest at some orientations. Bearing in mind the 3 hourly rotation of the prism axis, it seems to us very doubtful that the prisms are acting entirely through the image degradation they cause. Furthermore the fact that the manipulation had no effect on the average refraction of the eyes wearing prisms indicates that the prisms did not cause visual deprivation, because even a small amount of diffusion of the image causes a 'deprivation' myopia in monkeys. (Smith & Hung, 2000) .
How does prism-wear produce its effects?
Non-fixating marmoset eyes do not systematically become hyperopic
Overall there was no mean effect of the prism-rearing procedure on either refractive error or axial ocular dimensions. The eyes of the marmosets that wore prisms, and subsequently developed amblyopia, did not, as a group, develop hyperopic refractions, in contrast to the amblyopic eyes of the strabismic macaque monkeys reported by Kiorpes and Wallman (1995) . This may have been because the follow-up measurement period for the marmosets to 273 days of age was not long enough to allow hyperopia to develop.
Despite the fact that no common hyperopic shift in refraction in the amblyopic eyes were observed, two marmosets did develop an anisometropia of 2-3 D during the prism-wear period, one myopic and one hyperopic compared to the control eye. These anisometropic refractions were associated with interocular differences in axial length. The fact that these anisometropias were not present before prism-wear began, developed during the period of prismwear, were greater than those encountered in marmosets reared with unrestricted visual experience (Graham & Judge, 1999a) and decreased towards isometropia following the cessation of prism-wear all indicate that the prism manipulation directly caused the anomalous changes in ocular growth and refraction. This suggests that ocular misalignment, and perhaps more specifically lack of fixation, can disrupt emmetropic eye growth. Strabismus has been previously been reported to inhibit emmetropization in human infants (Ingram et al., 2003) .
